Phases of general formula (RE,A) 2 M 3 O 7 (RE=lanthanide, A=Ca, Sr, Ba; M=Ga, Al) are of interest for their nonlinear optical properties and have potential as solid state lasers. Their structures have been refined using X-ray and neutron diffraction data and are related to gehlenite, Ca 2 Al 2 SiO 7 , with M cations occupying Al and Si sites and RE and A cations sharing the Ca site with no evidence for ordering, although they occur in the ratio 1:1 because of stoichiometry; the M cations are tetrahedrally coordinated. (RE,Ba) 2 M 3 O 7 compounds cannot be synthesized for M=A1 or for RE cations smaller than Sm; this limitation is believed to be due to size mismatch between cations within the structure. © 1999 International Centre for Diffraction 00501-l] 
I. INTRODUCTION
There has been much recent interest in new oxide ion conductors in perovskite systems [see, e.g., Ishihara et al. (1994a) and Kendall et al. (1995) ]. One such example is the La 09 Sr 01 Ga 08 Mg 02 O 28 5 (Ishihara et al., 1994b; Goodenough, 1997 ) with a reported conductivity of 1.8X 10" 1 S cm" 1 at 750 °C (Ishihara et al, 1994b) . A solid solution exists, based on the parent phase, LaGaO 3 , but the limits have not been determined. During a phase diagram study of the oxide ion conducting system La! _ J .Sr x Ga 1 _ ;y Mg > ,O3_(^+ > , )/2 , an impurity phase was detected in a number of compositions; quantitative EPMA identified this phase as (La,Sr) 2 Ga 3 O 7 (LSG) (Herd, 1997) . In addition to being a common impurity in these new oxygen ion-conducting materials, LSG has attracted much recent attention as an important optical material; it has potential as a solid state laser (Rybaromanowski et al, 1996; Malinowski et al, 1996; Simondi-Teisseire et al, 1997; Burshtein et al, 1997) and doping with Nd, Pr, Eu, Er and Yb can be used to tune the operation wavelength (Rybaromanowski et al, 1996 Malinowski et al, 1996; Simondi-Teisseire et al, 1997) . Refractive index studies indicate that LSG and its derivatives could be used for a number of nonlinear optical applications (Burshtein et al, 1996) . The structures of these materials are thus of much importance in understanding the optical properties. Many analogous phases have been reported; Table la shows those which are currently in the Powder Diffraction File. Table Ib gives the unit cell data reported by Ismatov and Toropov and co-workers, and Durif and Forrat. In all cases, little structural information is given other that the fact that the structure is related to the melilite/gehlenite family (Ismatov, 1968 (Ismatov, , 1970c (Ismatov, , e, f, 1976b (Ismatov, , 1977a (Ismatov, , 1979 (Ismatov, , 1984 Toropov, 1968a Toropov, , b, c, d, 1969a Toropov, , c, d, e, 1970 Durif and Forrat, 1958) . This paper presents a comprehensive crystallographic survey of the compounds (RE,A) 2 M 3 O 7 (RE= La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Y; A=Ba, Sr, Ca; M=A1, Ga).
II. SYNTHESIS AND CHARACTERIZATION
Starting materials were RE 2 O 3 (RE=La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Y) (Aldrich, 99.99%), ACO 3 (A=Ba, Sr, Ca) (Aldrich, 99.9%) and M 2 O 3 (M=A1, Ga) (Aldrich, 99.99%); the RE 2 O 3 were dried at 1000 °C prior to use. Stoichiometric amounts of starting materials were ground under acetone in an agate mortar and pestle, pressed into pellets and heated at 900 °C for several hours to decarbonate. The samples were reground, pressed into pellets and retired at temperatures up to 1500 °C in air for 48 h with several intermediate regrindings. The phase purity of the samples was checked by X-ray powder diffraction (XRD), initially using a Hagg-Guinier camera. In addition, quantitative electronprobe microanalysis (EPMA) was performed on a pelleted sample of (La,Sr) 2 Ga 3 O 7 using a Cameca SX51 EPMA, with La 2 CuO 4 (Crystal Growth Center, Birmingham, UK), SrTiO 3 and Gd 3 Ga 5 O 12 (Microanalysis Consultants, Cambridge, UK) as standards. This analysis confirmed the phase purity and that the composition was indeed (La,Sr) 2 Ga 3 0 7 .
III. POWDER DIFFRACTION AND RIETVELD REFINEMENT
Accurate data for refinement of unit cell parameters and for Rietveld refinement were collected using a Stoe Stadi/P automated diffractometer in transmission mode, controlled by a Dec Micro VAX computer. A curved germanium monochromator was used to select CuKa l radiation, (X = 1.540 56 A) and data were collected using a small linear position sensitive detector, covering a 6° 26 range and with an intrinsic angular resolution of 0.02°. The sample was mounted between two acetate foils using Elmers white glue. Absorption values were measured prior to data collection, to ensure the best quality data; the beam intensity was measured with and without the sample, and the ratio used as a correction within the Rietveld program. Data for unit cell refinement were collected in the range 10°-80° 20 using a PSD increment of 1° 26, with specimen rotation perpendicular to w. For Rietveld refinement, data were collected as for unit cell refinement but over the range 10°-100° 26 using a PSD increment of 0.5° and a longer data collection time. Analyses were carried out using Stoe software (Stoe and Cie GmBH, 1989) . Unit cell refinements were carried out using the program LATREF, which performs a least squares refinement on an approximate unit cell. Rietveld refinement was performed using the package PFSR (Pattern Fitting Structure Refinement); a Pearson VII profile with exponent 2 (squared Lorentzian) was used to model peak shapes. FWHM and background variation with 26 were modeled using Tchebychev polynomials: fifth order for the background and second order for the FWHM. In addition, unit cell parameters, scale factor and 26 zero point were refined. For neutron diffraction, 5 g of the compound LaSrGa3O 7 were synthesized, placed in cylindrical vanadium cans and data collected on the POLARIS diffractometer at the UK spallation neutron source, ISIS, at Rutherford Appleton Laboratory. The crystal structure was refined by the Rietveld method using the program TF14LS (David et ah, 1992; Smith et ah, 1997) , using data collected over the time-of-flight range 2000-19500 jxs using the highest resolution, backscattering detectors. Scattering lengths were taken from Sears (1992) . Peak shapes were modeled using a Voigt function convoluted with double exponential decay and switch function. Starting parameters for the Rietveld refinement of LaSrGajOy were those of gehlenite, Ca 2 Al 2 Si0 7 (Lejus, 1994) , spacegroup PA,2 x m. 
IV. RESULTS AND DISCUSSION
Figure l(a) shows the X-ray diffraction patterns for (La,Ba) 2 Ga 3 0 7 and (Er,Ca) 2 Al 3 0 7 , which have the largest and smallest unit cells, respectively, for this structure; Table  II gives their indexed powder patterns. All other patterns were similar, indicating that the entire series forms with the same structure. Table III summarizes the unit cell data for all (RE,A) 2 M 3 O 7 phases; Fig. 2(a) shows the variation of unit cell dimension with lanthanide radius Prewitt, 1969, 1970) for each combination of A and M cation. In each (5) TABLE IV. Final refined parameters for (La,Sr) 2 Ga 3 O 7 from neutron diffraction data. R wp =3.O8%, #,, = 3.50%. a=8.049 84(2), c=5.330 89(2) A. (2) case, the unit cell parameters vary linearly with the ionic radius. In Fig. 2(b) , the unit cell volume is plotted against the product of the ionic radii of RE, A and M; most of the values lie on a straight line, except for those corresponding to A=Ba, which are at the upper tolerance limit of the structure.
Neutron diffraction results showed, by refinement of site occupancies, that La and Sr occupied the Ca site of the gehlenite structure in the ratio 0.5:0.5, with Ga on the Al and Si sites. There is no evidence for ordering on this site. Table IV gives the final refined parameters, with the final difference profile given in Fig. 3(a) . For all powder X-ray Rietveld refinements, occupancies were held fixed; Fig. 3(b) shows the X-ray Rietveld refinement fit for SmCaGa 3 O 7 .These results are in agreement with those obtained for (La,Ca) 2 Al 3 0 7 and (La,Ca) 2 Ga 3 _ ;c Al^O 7 , Antipov and Luzikova (1993) and for (La,Ba) 2 Ga 3 O 7 , Hanuza et al. (1995a, b) . The M cations occupy tetrahedral sites, while RE and A cations are coordinated to eight oxygens. The structure is shown in Fig. 2(a) (ab plane) and 2(b) (ac plane); it consists of layers of M-0 in the ab plane, separated by RE/A cations. The M-0 layers are formed by rings of five MO 4 tetrahedra, the rings containing two Ml-0 and three M2-0 tetrahedra.
In all cases, the RE and A cations share a site; this sharing may be the reason that the full range of REBaGa 3 O 7 could not be synthesized, since as the RE size decreases, the size mismatch between Ba and RE increases. No REBaAl 3 O 7 phases could be synthesized; Al is smaller than Ga, so size mismatch between the three cations may again prevent the formation of the structure. A measure of this mismatch is 5000 10000 given by the difference in cation size; these are given in Table V , for each combination of RE and A; the values for Ba are the highest, and a limit is reached at a difference of -0.33. However, the difference between the RE/A and M radii also has an effect, because no (RE,Ba) 2 Al 3 O 7 compounds could be synthesized. The structures of all (RE,A) 2 M 3 O 7 (RE=La, Pr, Nd, Sm, Y; A=Ca, Sr; M=Ga, Al) were refined using X-ray diffraction data; final refined parameters are given in Table Via , with refinement information in Table VIb. All final R wp were less than 6%. The structure is formed across the entire range of elements studied and there is little variation in the positional parameters (Table IVa) ; changes in bond lengths are, thus, accommodated primarily by the change in unit cell parameters. The bond lengths are given in Table VII ; in general, the RE-O bond lengths decrease with decreasing RE size, as would be expected. The average M1-O3 bond lengths are similar to expected values (1.79 A for Al, 1.87 A for Ga, compared with average bond lengths of 1.779 A and 1.854 A, respectively, Prewitt, 1969, 1970) . The Ml-O tetrahedra are regular, whereas the M2-0 tetrahedra are slightly distorted, with smaller average bond lengths (1.759 A for Al, 1.799 A for Ga). Refined thermal parameters are given in Table VIII. 
